Fungal assemblages in forest trees by Agostinelli, Marta
  
Fungal assemblages in forest trees 
Influence of internal and external conditions 
Marta Agostinelli 
Faculty of Forest Sciences 
Department of Southern Swedish Forest Research Centre 
Alnarp 
  
Doctoral thesis 
Swedish University of Agricultural Sciences 
Alnarp 2018 
  
Acta Universitatis agriculturae Sueciae 
2018:77 
ISSN 1652-6880 
ISBN (print version) 978-91-7760-296-5 
ISBN (electronic version) 978-91-7760-297-2 
© 2018 Marta Agostinelli, Alnarp 
Print: SLU Service/Repro, Alnarp 2018 
Cover: Endophytic fungi isolated from twigs of pedunculate oak (Quercus robur L) 
growing on malt extract agar medium 
(Photos: M. Agostinelli) 
 
  
Forest trees host a plethora of microorganisms (bacteria, viruses, fungi) whose roles and 
diversity are still poorly understood despite the increased scientific interest for the past 
decades. The thesis focuses on the diversity of endophytic and epiphytic fungi in the 
aerial tissues of broadleaved trees. It tests a basic hypothesis that the diversity and 
frequency of endophytic and epiphytic fungi vary depending on the vitality and disease 
susceptibility of the host. Additionally the thesis explores if the chemical variation in 
trees may relate to differences in fungal community. Particularly, the aim was to describe 
how the fungal communities of three broadleaved species relate to the general vitality or  
specific pathogen resistance of the trees, and if herbivory or fertilization influence the 
fungi through altered levels of potentially antimicrobial metabolites, condensed tannins. 
Culture-based and culture-independent (NGS) techniques were used to capture the fungal 
community in the twigs of pedunculate oak (Quercus robur L), in the leaves of aspen 
(Populus tremula L), and in the leaves and twigs of European ash (Fraxinus excelsior L). 
The secondary metabolites were studied with HPLC, LC-MS, and GC-MS analyses. 
The results showed that the fungal assemblages are influenced by a complex network 
of factors related to the status of the host (internal factors: health, chemotype) and its 
environment (season, site, nitrogen, herbivory). Trees with different vitality or different 
phenotypic response to pathogen hosted quantitatively and qualitatively diverse fungal 
communities. Tissue type and seasonal variation were confirmed to be highly selective 
factors in shaping fungal communities of forest trees. The endophytic communities 
associated with xylem seemed to be shaped by the tree vitality more readily than the 
fungi associated with leaf or bark. Condensed tannins, nitrogen fertilization, and 
herbivory did not explain the structure of fungal communities in aspen leaves. Leaf 
phenolic metabolites reflected well the general vitality phenotype of the trees, but the 
relationship between fungi and phenolics may not be straightforward. 
The technological advances and the use of different methods to survey fungal 
communities may help disclosing the unknown fungal biodiversity hosted by forest trees. 
Further studies on fungal communities are needed to reveal the ecological relevance that 
fungal assemblages have in the regulation of major ecological cycles. Understanding the 
mechanisms regulating the establishment of fungal communities may contribute to the 
possibility of using fungal assemblages in forest practices to help forest coping with 
sudden changes and be able to provide different ecosystem services. 
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Most people think of a plant as one organism, however, just like the human body 
hosts a plethora of external and internal microorganisms, so do plants. The suite 
of microorganisms hosted by an individual is called microbiome. While the past 
years have seen an increase in research on the diverse roles of human 
microbiome (Turnbaugh et al., 2007), research on plants microbiome has only 
recently started to attract more interest in the scientific community. 
Understanding the role of microbiome in plants and forecasting microbiome 
responses to changes in host and environment may help predicting the effects of 
these changes on ecosystems and ecosystem cycles. 
Fungi, bacteria, and viruses that constitute plants microbiome occupy all 
parts of plants, from the rhizosphere to the phyllosphere. The knowledge of the 
roles and diversity of plants microbiome has greatly increased in recent years, 
largely due to technological advances. The plant microbiome was originally 
studied with traditional techniques that allowed researchers to analyse only the 
culturable fraction of the microbiome (Müller and Hallaksela, 1998; Sieber, 
1989; Toti et al., 1992). During the recent decades, the development of new and 
affordable sequencing technologies, including next generation sequencing 
(NGS), has helped researchers unrevealing a higher, hidden diversity of the 
microbiome (Porras-Alfaro and Bayman, 2011; Tedersoo and Lindahl, 2016). 
Fungi are a main group of microbes forming the plant microbiome and the 
assemblages of fungi that share the same host are referred to as fungal 
community or mycobiome. The mycobiome of plants is composed of a 
community of ubiquitous and specific fungi which have different roles and 
colonize different parts of the trees, i.e. mycorrhizas, epiphytes, and endophytes. 
This thesis focuses on fungal endophytes that are fungi living for at least part of 
their life within the tissue of plants without causing apparent harm to the host 
(Sieber, 2007) and on fungal epiphytes that are instead living on the surfaces of 
the plants where they occupy a different niche than endophytes (Santamaría and 
Bayman, 2005). The roles of most fungal endophytes and epiphytes are still not 
1 Introduction 
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well known but the potential they have in for example enhancing plant health 
and fitness (Porras-Alfaro and Bayman, 2011; Rodriguez et al., 2009) has 
awaken an interest in studying them. A threat to microscopic fungal biodiversity 
is posed by the increased diffusion of invasive alien pathogens. Tree breeding 
for resistance is often seen as the long-term solution to overcome tree extirpation 
from the ecosystem as a consequence of invasive alien species. However, the 
improved resistance mechanisms in trees bred for resistance may also have 
unintentional consequences on the fungal biodiversity. For example, elm (Ulmus 
spp.) trees showing low susceptibility to Dutch elm disease pathogen have been 
found to host in xylem a less diverse fungal community than the highly 
susceptible trees (Martín et al., 2013). Consequently, the solution of introducing 
trees with improved resistance mechanisms in the ecosystems, could negatively 
affect part of the fungal biodiversity, demanding compensating management 
measures. 
The research presented in this thesis aims to add knowledge to the current 
state-of-the-art of structures and functions of tree fungal communities, exploring 
their variation in response to certain tree internal and external factors. 
Throughout the thesis, the term endophyte and epiphyte will be used to refer 
only to the fungal fraction of the endophytic and epiphytic communities (bacteria 
and viruses are disregarded). Fungal community, fungal assemblages, and 
mycobiome will refer to the group of endophytes and epiphytes hosted by trees. 
1.1 The relevance of trees in urban and forest 
ecosystems 
Ecosystem services are defined as the benefits that natural environment and 
properly functioning ecosystems provide to human. Recently, the European 
Environment Agency (EEA) has released the Common International 
Classification of Ecosystem Services (CICES), a tool aiming to standardize the 
description of ecosystem services. According to this standardization, ecosystem 
services are described based on the provision, regulation and maintenance, and 
cultural biotic and abiotic services provided. Trees and forests have prominent 
roles as providers of several crucial ecosystems services, such as provision of 
oxygen, clean air and water, sequestration of carbon, amelioration of the climate, 
and stabilization of soil (Livesley et al., 2016). In urban contexts, trees can, 
besides improving human health, e.g., through positive effects on mental health 
(Lee and Maheswaran, 2011), provide the society with aesthetic, physiological, 
environmental, and economic benefits (Barrios et al., 2018; Endreny et al., 
2017). The urban and peri-urban trees may also be important reservoirs and 
15 
 
stepping stones for biodiversity (Agostinelli et al., 2018; Dearborn and Kark, 
2009). 
In the changing climate and globalized world, the ability of trees and forest 
to provide multiple ecosystem services may be at increasing risk. To be able to 
provide continuity to ecosystem services, trees and forests need to remain 
functional, i.e., vital and healthy. Yet, the health of the trees and forests is 
continuously threatened by endemic and alien pests and pathogens. Especially 
the alien species may cause major disturbances in naïve tree populations (Jacobs, 
2007; Newcombe and Dugan, 2010; Potter et al., 2011). Mainly due to increasing 
international trade, travels, and tourism, a plethora of invasive alien pests and 
pathogens have been moved across continents, leading to negative ecological, 
economical, and social consequences (Aukema et al., 2011). The introduction, 
establishment, and spreading of invasive alien species may pose a risk to tree 
species and the biodiversity associated with them, with possible cascade effects 
on the ecosystem, as illustrated by the case of Dutch elm disease that has 
decimated globally elm (Ulmus spp.) populations (Brasier, 1991; Mitchell et al., 
2014; Pautasso et al., 2013). Another external factor that affects trees and forest 
health, thus interfering with the provision of ecosystem services, is climate 
change. Population dynamics and pathogenicity of fungal disease may be highly 
affected by the alterations in environment (temperature, humidity) due to climate 
change (Lindner et al., 2010). The highly diverse and dynamic microbial 
communities associated with trees, and their ability to influence plants response 
to abiotic and biotic factors, may help trees to respond and cope with the 
changing environment (de Assis Costa et al., 2018; Porras-Alfaro and Bayman, 
2011; Rudgers et al., 2004). 
1.2 Endophytic and epiphytic fungi of aerial tissues of 
trees 
The kingdom of fungi is represented by a large number of taxa that differ with 
respect to morphology, ecology, and life strategies. Fungi are eukaryotic 
organisms that can be microscopic (microfungi) or form bigger organisms that 
can be visible to the human eye in the “classic” mushroom shape (macrofungi). 
The current estimation of fungal species is set to 2.2 to 3.8 million. Considering 
that around 120k species have been officially described to date, only 3 to 8% of 
the estimated fungal diversity is known (Hawksworth and Lücking, 2017). Only 
limited and incomplete knowledge of the ecological role is available for most 
fungal species (Hawksworth, 1991; Mueller and Schmit, 2007). Fungi are key 
players in many crucial ecosystem functions such as decomposition, nutrient 
cycling, and nutrient transportation. Some species are important human and 
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plant pathogens and can cause significant economic losses through the spoilage 
and degradation of food supplies (Gherbawy and Voigt, 2010; Mueller and Bills, 
2004; Tedersoo and Lindahl, 2016). Despite the undoubtful importance of fungi 
in forest ecosystems, they have often been largely neglected in discussions about 
biodiversity conservation, land-use planning and management (Berg et al., 1994; 
Mueller and Bills, 2004). Moreover, it is not easy to survey fungal species; 
especially the microfungi are challenging to survey as they cannot be detected 
with traditional surveys since they do not produce visible structures (Halme et 
al., 2012). Previous studies conducted with culture-based techniques (i.e., 
isolation of endophytes from surface sterilized tissues to growth-medium, 
usually agar) and microscopy have shown that fungal communities of forest trees 
are highly diverse and dynamic (Saikkonen, 2007; Sieber, 2007; Unterseher, 
2011). Nowadays, some of the limitations related to culture-based techniques 
have been overcome by molecular techniques that allow an in-depth survey of 
microfungal communities (Tedersoo and Lindahl, 2016) and enable studies on 
the total fungal diversity hosted by trees (Porras-Alfaro and Bayman, 2011). 
Fungal endophytes are microfungi colonizing intercellularly or 
intracellularly the internal tissue of plants where they form highly localized 
infections (Carroll, 1988; Saikkonen et al., 1998; Schulz and Boyle, 2005; 
Sieber, 2007). All plants studied to date have been found to be colonized by at 
least one endophytic fungal species (Arnold and Herre, 2003). Endophytes can 
be divided into two main groups based on how they colonize the trees. 
Herbaceous species are colonized by clavicipitaceous endophytes that are 
transmitted vertically to the new plant via seed from the mother plant (Rodriguez 
et al., 2009). Trees are instead infected horizontally with non-clavicipitaceous 
endophytes dispersed via spores from the surrounding environment (Rodriguez 
et al., 2009). Endophytes may establish mutualistic symbioses with plants and 
contribute to tree fitness and resistance (Hardoim et al., 2015; Meier and Hunter, 
2018; Mejía et al., 2008; Miller et al., 2008; Sieber, 2007; Vega et al., 2008). 
They may enhance plant growth, or defend the host against pests and pathogens 
e.g. by producing toxic secondary metabolites (Hubbard et al., 2014; Pansanit 
and Pripdeevech, 2018; Romeralo et al., 2015; Tanney et al., 2016). On the other 
hand, some endophytes may be latent pathogens or saprotrophs that stay dormant 
in the host until a change in the environment or in the host triggers the pathogenic 
or saprophytic behavior of the fungus (Parfitt et al., 2010; Promputtha et al., 
2007; Rai and Agarkar, 2014).  
Fungal epiphytes are microscopic fungi that, similar to endophytes, are 
transmitted horizontally by wind dispersed spores (Arnold and Herre, 2003). 
They are less abundant than bacterial epiphytes, but have a worldwide 
distribution, with the most abundant communities found on leaves (Hongsanan 
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et al., 2016). Fungal epiphytes may be saprotrophs, plant or fungal parasites, and 
partners in lichens (Reynolds and Gilbert, 2005) and may affect plant physiology 
limiting the photosynthetic ability covering the leaves (Hongsanan et al., 2016). 
Fungal epiphytes may play important roles in shaping microbiome assemblages 
and may have antagonistic roles against diseases (Lindow and Leveau, 2002). 
1.3 Interactions of abiotic and biotic factors with trees 
and fungal communities 
Various biotic and abiotic factors (Fig. 1) can shape the fungal community 
composition of trees (Albrectsen et al., 2018; Bálint et al., 2013; Jumpponen and 
Jones, 2010; Martín et al., 2013). These factors can affect the fungal community 
directly, limiting the inoculum dispersal, or indirectly, causing changes in the 
host or other associated organisms that have repercussions on the fungal 
community. 
 
Figure 1. Interactions of mycobiome with the host and with selected biotic and abiotic factors. The 
crossed arrows represent the interactions between the fungal community and the host 
characteristics. The simple arrows represent the interactions that occur among the fungal 
communities, the host, and external biotic and abiotic factors. In bold are the biotic and abiotic 
factors that were studied in the thesis. 
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The dynamic interactions among fungal communities, host, and biotic and 
abiotic factors are still poorly understood, especially in trees (Baldrian, 2017; 
Porras-Alfaro and Bayman, 2011). Trees are long-living organisms and because 
of this, they are subjected to multiple infections and continuous changes in their 
surroundings during their entire life cycle. This longevity is challenging to 
capture in experiments and thus it is difficult to predict how fungal communities 
may change over time and react to the interactions with the host and other 
organisms that share the same habitat inside the trees. Yet, this information 
would be needed, because understanding the mechanisms behind the 
relationships of fungal communities, their host, and the influence of biotic and 
abiotic factors on their interactions, could contribute to the development of more 
sustainable practices to enhance trees and forest health (Agler et al., 2016; 
Koskella et al., 2017; Newcombe, 2011; Witzell and Martín, 2018). 
The multidirectional interactions between host and fungal community may 
be affected by multiple factors that act in synergy. These include tissue type 
(Petrini and Fisher, 1990), host and tissue age (Sieber, 2007), physiology (Rajala 
et al., 2014), and genotype (Bálint et al., 2013) but host is the first factor 
discriminating fungal composition (Hoffman and Arnold, 2008). Co-evolution 
of fungal communities with their host has been dated back to the divergence of 
angiosperms and gymnosperms with some orders of endophytes being more 
related to conifers or broadleaves (Sieber, 2007). Among the external biotic and 
abiotic factors that play a role in fungal-host interactions are e.g., pathogens and 
pests (Albrectsen et al., 2018; Mejía et al., 2008), geography (Zimmerman and 
Vitousek, 2012), climate (Giauque and Hawkes, 2016), soil nutrient and 
fertilization (Lehtonen et al., 2005), fungicide applications (Karlsson et al., 
2014), water stress and flooding (Kwaśna et al., 2016; Linaldeddu et al., 2011), 
pollution (Helander, 1995), and fires (Huang et al., 2016). Of the multitude of 
internal and external factors that may influence the dynamic relationships 
between fungal communities and their hosts, this thesis focuses on a set of 
specific aspects (highlighted in Fig. 1) that are briefly presented below. 
1.3.1 Trees as habitat for endophytic and epiphytic biodiversity 
Fungi colonize a wide array of habitats in the above- and below-ground parts of 
the trees (leaves, bark, wood, roots). The different spatial structure and nutrients 
in these habitats provide different niches where diverse species can thrive. 
According to the trade off-based niche theory (Tilman, 2004) and the 
competitive exclusion principle (Chase and Leibold, 2003), two species may co-
exist in the same niche only if they utilize the resources in substantial different 
ways (Ernst et al., 2011; Wennekes et al., 2012). This process is based on the 
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trade-off between resource competition and species accumulation (Tilman, 
2004). The neutral theory of biodiversity suggests instead that biodiversity is 
random and that species diversity follows unpredictable patterns (Hubbell, 
2001). In this theory Hubbell (2001) affirmed that all species, regardless of their 
identity, have the same probability of surviving or dying. The problem with the 
two aforementioned theories is that the classical trade-off niche theory does not 
consider the relative abundance of species (Hubbell, 2001) and the neutral theory 
disregards the relation among species characteristics, community structure, and 
ecosystem conditions (Tilman, 2004). To overcome these limitations, Tilman 
(2004) proposed the stochastic niche theory that includes colonization dynamics 
and environmental conditions as factors shaping species diversity and 
composition.  
The colonization process and consequently community composition are also 
influenced by the priority effect that states that species assemblages are strongly 
affected by the first species that colonizes the niche (Fukami et al., 2005; 
Weidlich et al., 2017). In order to better predict the priority effect on species 
composition, Vannette and Fukami (2014) proposed to divide the niche in three 
components identified as overlap niche, impact niche, and requirement niche. 
The priority effect is then analysed based on the similar use of resources (overlap 
niche), the influence of a species in modifying the environment (impact niche), 
and the environmental conditions that affect the survival, growth, and 
reproduction of a species (requirement niche). Detecting the niche component(s) 
that mostly affects the priority effect would help to understand the mechanisms 
behind fungal colonization success in plants. This information could assist in 
designing specific inoculation strategies that promote colonization of selected 
fungi to be used in tree protection and biological control (Vannette and Fukami, 
2014). 
Fungi that compose the mycobiome of a tree may be ubiquitous, generalist 
species (Baldrian, 2017; Sieber, 2007; Zabalgogeazcoa, 2008) that thrive in 
different environments and on different hosts. However, some fungal species 
may be highly selective and specific to a host or host tissue. For example, fungal 
assemblages of angiosperms and gymnosperms are very different. Fungi co-
evolved together with their main host and when broadleaves and conifers 
evolution diverged around 300 million years ago, so did the fungal communities 
(Sieber, 2007). Diversity in fungal species composition is observed also within 
species belonging to the same family, i.e. Cupressaceae (Hoffman and Arnold, 
2008) and the same genera, i.e. Quercus (Ragazzi et al., 2003; Sieber, 2007). 
Fungal communities may vary greatly within the same host, as some fungal 
species are highly organ-specific. Highly dynamic communities have been 
observed in leaves of deciduous species, which annually produce new leaves that 
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are infected anew every year (Peršoh, 2015). Phyllosphere fungal communities 
may also depend on the age of the leaf (Arnold and Herre, 2003; Peñuelas et al., 
2012). Moreover, phyllosphere communities, more than bark or wood 
communities, are exposed to multiple stressors and dynamic changes (i.e. 
temperature fluctuation, desiccation) that may strongly shape fungal 
assemblages (Lebeis, 2015). The bark of trees consists of a protective tissue 
outside the vascular cambium that is often rich in lignin but can contain rather 
low levels of carbohydrates, which may limit microbial growth (Baldrian, 2017). 
However, a rich mycobiome is often found in the bark of trees, with higher 
colonization rate usually recorded in bark than in xylem and leaves (Collado et 
al., 2000; Fisher and Petrini, 1990; Wang and Guo, 2007). Xylem community is 
still one of the least studied tissue types in forest trees (Baldrian, 2017). With 
relatively low nutrient composition and lower oxygen concentration, xylem is a 
highly selective substrate for microbial communities (Baldrian, 2017). 
Host genotype is an important component of tree resistance to pathogens 
(Busby et al., 2013; McKinney et al., 2012). Selecting highly pathogen resistant 
trees is generally considered as the most sustainable way to preserve vital 
populations of tree species threatened by invasive alien pathogens (i.e. Ulmus 
spp., Fraxinus excelsior). However, the mechanisms of genotypic resistance 
against pathogen may also select against other fungal species (Busby et al., 2013; 
Martín et al. 2013). Since some fungal endophytes may enhance plant fitness 
and resistance against pathogens, an improved understanding of the mechanisms 
of endophyte selection by host genotype could help to predict how tree breeding 
can influence composition of fungal communities, and if endophytes would 
enhance the resistance or play a role in it. Tree phenotype is the characteristic of 
a tree that results from the interaction between the genotype and environmental 
factors. Tree genotype and biotic and abiotic factors have been shown to affect 
fungal community composition in different hosts (Albrectsen et al., 2018; 
Gonthier et al., 2006; Mejía et al., 2008).The possible reciprocal influences 
between tree phenotype and its plasticity and the endophytic communities are 
still poorly understood (Newcombe, 2011).  
A special phenotypic character is the chemotype, which refers to the chemical 
profile of an organism. Trees may be grouped together based on the chemotype 
of specific chemical compounds (Keefover-Ring et al., 2014). Fungal 
endophytes are known to be able to alter chemical defenses in the host (White 
and Torres, 2010) but little is known about how the chemotype of a host may 
affect the fungal community. 
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1.3.2 Interactions of pests and pathogens with trees and fungal 
communities 
During their long lifecycle, trees are continuously and simultaneously attacked 
by pests and pathogens. Trees have evolved different defense mechanisms to 
resist those attacks. The interactions between a tree and its natural enemies are 
multiple in time and space, and the final outcome, measured e.g. as tree vitality, 
will depend on many factors (Bonello et al., 2006). Trees possess defensive 
mechanisms that can be active at different time scales in relation to pathogen or 
pest attacks. The physical and chemical barriers present in the tissues and cells 
of trees before attack form the constitutive defenses. Induced defenses instead 
are triggered when the tree is attacked and the induction may occur locally, i.e. 
at the point of insect feeding, or systemically, in undamaged parts (Bonello et 
al., 2006; Karban and Baldwin, 1997). After an attack, biochemical responses, 
such as activation of phenolic metabolisms, may occur and the chemical 
composition within tissues may change quantitatively and qualitatively 
(Brignolas et al., 1995; Klepzig et al., 1995). The induced responses in cell 
metabolism (Bonello et al., 2006) may cause variation in fungal communities. 
The fungal endophyte community may also be altered by herbivory, e.g. if new 
fungi are transported to plant tissues by the herbivores, or if the herbivores alter 
the quality of plant tissues as a substrate for the fungi (Albrectsen et al., 2018). 
On the other hand, the fungal inhabitants of tissues may also influence 
herbivores (Coblentz and Van Bael, 2013; Wilson, 1995). For instance, the 
secondary metabolites produced by endophytes (Mousa and Raizada, 2013; 
Pansanit and Pripdeevech, 2018; Tanney et al., 2016) may affect the feeding 
preferences of herbivores (Coblentz and Van Bael, 2013). It has been reported 
that fungal metabolites in the host plant may even kill the larvae of gall-forming 
insects (Wilson, 1995). In general, the interactions between herbivores, fungi, 
and trees are complex and the outcomes (e.g. for the vitality of the trees) are 
often difficult to predict (Eyles et al., 2010). 
1.3.3 Interactions between nitrogen fertilization, season and site with 
trees and fungal communities 
The availability of nutrients, particularly nitrogen, is one of the limiting factor 
of tree growth and thus of great importance in productive forests (Högberg et al., 
2017). With an increase of nitrogen availability in the ecosystems as a 
consequence of human activity (Vitousek et al., 1997), nitrogen limitation in 
forests may not be a concern for tree growth in future. However, nitrogen 
fertilization is a practice that may profoundly alter the microbial communities of 
soil and plants (Gallart et al., 2017; Paungfoo-Lonhienne et al., 2015; Siddikee 
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et al., 2016). The host internal chemical composition may change in response to 
nitrogen fertilization (Bailey et al., 2005; Decker et al., 2016). Among the 
compounds affected by higher nitrogen fertilization, are condensed tannins 
(CTs) which in high concentrations may affect negatively endophytic fungi 
(Bailey et al., 2005). High concentration of CTs have been found to have a toxic 
effect limiting the growth in vitro of most fungal species. There are however 
some fungal species of Penicillium and Aspergillus that are able to survive to 
high CTs concentration (Scalbert, 1991). An excessive nitrogen fertilization may 
reduce tree vitality (Dobbertin, 2005) and lead to a higher colonization success 
of opportunistic fungi. Moreover, the synthesis of fungal primary and secondary 
metabolites may be altered when nitrogen fertilization is applied to the host 
(Ibrahim et al., 2011). 
Because the endophytic and epiphytic fungal communities of trees are 
composed by horizontally dispersed spores, the spatial (environmental) variation 
in fungal communities may be high (Christian et al., 2016; Helander et al., 2007; 
Pérez-Izquierdo et al., 2017). Distance among hosts and landscape 
fragmentation may affect the dispersal capacity of certain fungi (Fahrig, 2003; 
Peay et al., 2012; Vaz et al., 2014). In some cases, air-dispersed spores of the 
phyllosphere may be able to spread also in fragmented areas but the 
fragmentation may influence the frequencies with which the species are found 
(Helander et al., 2007). However, contrasting results have been found suggesting 
that site effect may be a consequence of localized climatic variations (Wang and 
Guo, 2007). 
In perennial parts of trees, fungal community composition is a result of 
multiple accumulative infections that occur seasonally and throughout the life of 
the tree (Fort et al., 2016; Saikkonen et al., 1998; Scholtysik et al., 2013). The 
accumulation pattern of endophytic infection is particularly evident in leaves. 
Newly flushed leaves of forest trees are almost endophyte-free but accumulate a 
rich diversity of fungi by the end of the season (Faeth and Hammon, 1997; Fort 
et al., 2016). Effect of the seasonality on fungal communities has also been 
detected in perennial tissues of trees, e.g. Beck et al. (2014) found that there is 
variation in bark- and lichen-associated fungal communities between spring and 
autumn. 
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The microbiome of trees is highly diverse and dynamic, consisting of a 
continuum of interactions between fungi and other microbes, the host, and 
multiple biotic and abiotic factors whose individual and synergic effects are 
poorly understood (Agler et al., 2016; Rai and Agarkar, 2014). The potential role 
of certain fungal endophytes as enhancers of plant fitness against biotic and 
abiotic stressors and resistance against pests and pathogens, have attracted the 
interest of researchers. A better understanding of the mechanisms behind fungal 
community assemblage and selection is needed if we want to enhance beneficial 
fungal communities in trees, or develop fungal tools for sustainable tree care or 
forestry practices (Agler et al., 2016; Koskella et al., 2017; Witzell and Martín, 
2018). Moreover, understanding the role of mycobiome and microbiome in 
plants and forecasting their variations as consequences of host and 
environmental changes may help predicting the effects of these changes on 
ecosystems and ecosystem cycles. 
 
In earlier studies with elms (Ulmus spp.), a negative relation was found between 
the diversity and frequency of xylem bound endophytes and low susceptibility 
of trees to the Dutch elm disease, caused by Ophiostoma-fungi (Martín et al. 
2013). It was hypothesized that this could be due to the stronger resistance 
mechanisms (e.g. accumulation of phenolic metabolites) in trees that were less 
susceptible to the vascular pathogen, and that these mechanisms might also 
suppress the colonization by all other fungi (Martín et al. 2013). Should such a 
relation be common, it could mean that by promoting less susceptible trees in 
our forests, we might reduce habitats for fungal biodiversity. The underlying 
hypothesis of this thesis was therefore to test whether the negative relation 
between fungal biodiversity and tree vitality/resistance would be more 
commonly found in trees. The general goal of this thesis was to add to our 
understanding how the structure of fungal communities of broadleaved trees 
varies in response to different conditions (e.g., chemical composition) and 
2 Objectives 
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external factors (biotic and abiotic stress due to e.g. herbivory and fertilization). 
The studies presented in this thesis explore if the abundance and diversity of 
fungal communities reflect the tree vitality and degree of disease susceptibility 
and if this is stable across different tissue types, time of the season, and site. 
Moreover, the studies presented in this thesis examine if fungal communities 
respond to profiles in trees representing a specific chemotype that were subjected 
to nitrogen fertilization and insect herbivory. The specific objectives were the 
following: 
 
1 Study the relation between tree vitality (Paper I) and tree resistance to 
pathogen (Paper III) and fungal communities in pedunculate oak and 
European ash, and to clarify how the community structure differs among 
different tissues (leaves, bark, xylem), time of the season, and sites; 
2 Assess the effect of insect herbivory and nitrogen fertilization on fungal 
communities in aspen trees with known chemotype (Paper II); 
3 Relate the tree fungal communities to the secondary metabolites composition 
of trees (Paper I and II). 
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This thesis focuses on fungal endophyte and epiphyte communities associated 
with pedunculate oak (Quercus robur, L.), aspen (Populus tremula L.), and 
European ash (Fraxinus excelsior L.) growing in peri-urban area (Paper I), 
greenhouse chamber (Paper II), and seed orchards (Paper III), respectively. 
Additional analyses not reported in the manuscripts were added and marked in 
the thesis. 
3.1 Sampling site and sample collection 
3.1.1 Quercus robur L. 
Pedunculate oak (Quercus robur L.) samples were collected from 15-year-old 
trees planted at the edge of an agricultural field in Alnarp, in the outskirt of the 
city of Malmö, Sweden (55°39’22’’N, 13°05’35’’E) at the end of September 
2014 (Paper I). 
Oak trees were assigned to three vitality classes: high (H), medium (M), and 
low (L). The identification of the different vitality classes was based on the 
visual assessment of the general conditions of shoots, twigs, and leaves, and on 
the assessment of crown transparency (Müller and Stierlin, 1990). Signs of 
pathogen or pest attacks were not found on samples with low vitality. Eight trees 
per vitality class (n=24 trees) were sampled. Four asymptomatic twigs, one per 
each cardinal point, were detached from each tree and transported in a plastic 
bag to the laboratory. The samples were processed within 24 h from collection. 
Four leaves per tree were collected from the crown and air-dried for analysis of 
phenolic compounds. 
3 Materials and methods 
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3.1.2 Populus tremula L. 
Twelve aspen (Populus tremula L.) genotypes representing the tremuloides-
chemotype were selected from the Swedish Aspen collection (SwAsp) (Paper II) 
(Luquez et al., 2008). The SwAsp collection was created with the scope of 
compiling a collection rich in natural genetic, genomic, and physiologic 
variation to be used for research. Aspen trees of the SwAsp collection were 
originally collected in spring 2003 at 12 different localities in Sweden and 
propagated via cuttings (Luquez et al., 2008). 
Eight aspen plants per genotype were potted and grown in greenhouse in 
2016. Four treatments were applied to two plants per each genotype (n=96 
plants): control (C), herbivory (He), fertilization with nitrogen (N), and 
herbivory*fertilization (NHe). Nitrogen was applied weekly for four weeks for 
a total provision of N 44g/m2. Herbivory treatment was performed with five 
adult aspen leaf beetles (Chrysomela tremula Fabricius, 1787). The insects fed 
for five days on three leaves enclosed in a mousseline net. An empty mousseline 
net was placed around the leaves of the plants not assigned to herbivory 
treatment for control. 
The first fully expanded leaf was marked to be later processed for chemical 
analysis. The next three fully expanded leaves enclosed in the mousseline net 
were used for endophyte analysis. Leaves were collected and stored at 4°C for 
maximum three days prior processing. 
3.1.3 Fraxinus excelsior L. 
European ash (Fraxinus excelsior L.) trees were sampled at two seed orchards 
located in southern Sweden: Snogeholm (55˚32´N, 13˚32´E, 50 m) and 
Trolleholm (55˚57´N, 13˚12´E, 100 m). The seed orchards were established in 
the 1990s’ with 106 clones of F. excelsior plus-trees (ash trees with good stem 
quality and growth) selected at 27 locations in southern Sweden (Stener, 2013). 
The scions collected from the plus-tree clones were grafted in root stocks at 
Snogeholm and Trolleholm seed orchards. 
After the arrival of Hymenoscyphus fraxineus in Sweden (2001), none of the 
clones present at the two locations showed complete resistance to the pathogen. 
However, not all clones were equally affected by the disease expressing high 
variation. Stener (2013) ranked the clones with a scoring system based on the 
damage caused by H. fraxineus. Based on the ranking (Stener, 2013) the clones 
were divided in three susceptibility classes: resistant (R), intermediate (I), and 
susceptible (S). Up to seven ash trees per susceptibility class were sampled at 
both sites. From each tree, two visually healthy 2-3-year old twigs with leaves 
were selected depending on available material at each site at four time points 
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during growing season 2015. Leaves were detached and placed in a different bag 
than the twig. Samples were then transported to the laboratory on dry ice and 
stored at -20°C until further processing. 
3.2 Analysis of endophytes and epiphytes 
3.2.1 Culture-based method 
Oak twigs and aspen leaves were surface sterilized following the protocols 
described by Helander et al. (2007) and Albrectsen et al. (2010) (Paper I and II, 
respectively). Bark and xylem of oak twigs were separated with a sterilized 
scalpel and four pieces per tissue (appr. 3x3x1mm) were plated on water agar 
(WA) Petri dish (Paper I). Three leaves per aspen tree were collected and ten 
pieces (1x1 cm) were cut from each leaf and plated individually on potato 
dextrose agar (PDA) Petri dish (Paper II). Petri dishes were stored in darkness 
at room temperature for a month and checked every second day for fungal 
growth. Emerging fungal hyphae were plated onto new malt extract agar (MEA) 
(Paper I) or potato dextrose agar (PDA) (Paper II) Petri dish. Emerged colonies 
were classified into morphotypes (MTs) based on their macro-morphological 
characteristics (i.e. colony colour, shape, texture). An isolate that was not 
possible to assign to any MT was classified as singleton. 
Representative specimens for each MT of the oak and aspen fungal collection 
were selected for DNA extraction. The selected isolates were grown in malt 
extract broth for two to four weeks at room temperature in dark. Mycelium was 
harvested and lyophilized for 48h. Samples were then homogenized and 
genomic DNA was extracted with E.Z.N.A. SP Plant DNA kit (Omega Bio-Tek, 
Inc., Norcross, USA). The fungal internal transcribed (ITS) region was amplified 
using the primers ITS1 and ITS4 (White et al., 1990). PCR products were 
purified and quantified before being sent for Sanger sequencing. 
3.2.2 Culture-independent method 
Leaflets, bark and xylem of ash samples were placed in 50mL Falcon tubes and 
lyophilized for at least 48 h (Paper III). Leaf samples were then homogenized in 
a FastPrep-24 homogenizer (MP Biomedicals, Santa Ana, USA) while bark and 
xylem samples were lyophilized in liquid nitrogen. Genomic DNA was extracted 
with E.Z.N.A. SP Plant DNA kit (Omega Bio-Tek, Inc., Norcross, USA). The 
ITS2 region of the rDNA was amplified using the tagged primers ITS4 (White 
et al., 1990) and fITS7 (Ihrmark et al., 2012). Amplified PCR products were 
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cleaned and pooled in equimolar mix before being sent to Illumina MiSeq 
sequencing. 
3.3 Extraction of plant secondary metabolites 
Four air-dried leaves per oak tree were pooled together and each sample was 
homogenized into a fine powder using a ball mill (MM301, Retsch Gmbh) 
(Paper I). The extraction and high-performance liquid chromatography (HPLC) 
was done following the procedure described in Romeralo et al. (2016). 
Aspen leaves were flash-frozen in liquid nitrogen, lyophilized and 
homogenized to fine powder using a ball mill (MM301, Retsch Gmbh) (Paper 
II). Condensed tannins (CTs) were assessed using Porter’s assay (acid: butanol 
method, Bandau et al., 2015; Porter et al., 1985). Absorbance was measured on 
a Spectra Max 190 microplate reader (Molecular Devices, Sunnyvale, CA) at λ 
550 nm. Procyanidin B2 (C30H26O12, Sigma- Aldrich®, St. Louis, MO, USA) 
was used as standard. 
Targeted LC-MS was run using the standard compounds from the Swedish 
Metabolomics Centre (SMC, Umeå, Sweden) including the salicinoid standards 
salicin, tremulacin, salicortin, and tremuloidin. The Mass Feature Extraction 
(MFE) was acquired with the MassHunter™ Qualitative Analysis (B06.00, 
Agilent Technologies Inc., Santa Clara, CA, USA). Mass Profiler Professional™ 
12.5 (Agilent Technologies Inc., Santa Clara, CA, USA) was used to align and 
match the extracted features between samples. Linear standard curves were used 
to quantify the salicinoids on peak area basis. Based on the molecular weights, 
the masses of either or both deprotonated ions and formate adduct were assessed 
and guided by retention times if available (Abreu et al., 2011; Keefover-Ring et 
al., 2014). 
Global GC-MS analysis was performed in a Pegasus III time-of-flight mass 
spectrometer, GC/TOFMS (Leco Corp., St Joseph, MI, USA). The mass (mean 
of integrated peak areas) was quantified with MATLAB™ R2011b (Mathworks, 
Natick, MA, USA). Custom script according to Jonsson et al. (2005) were used 
to perform base-line correction, chromatogram alignment, data compression, 
and Hierarchical Multivariate Curve Resolution (H-MCR). In order to identify 
the extracted mass spectra, the extracted mass spectra retention indices were 
compared with libraries of retention time indices and mass spectra (Schauer et 
al 2005). Peak area was used to quantify the identified chemicals and were then 
assigned to metabolite class (phenolic, amino acid, fatty acid). 
29 
3.4 Data compilation 
The number of emerging colonies and morphotypes per tissue samples was 
recorded (bark and xylem in Paper I, and leaves in Paper II). The colonization 
frequency (CF) was then calculated as the proportion (%) of all colonies yielded 
from the samples divided by the total number of samples in the experiment 
(Papers I). Morphotype richness (SMT) was measured as the number of different 
MTs per twig (Paper I) or tree (Paper II). For individual morphotypes, relative 
abundance (%) was calculated as the number of emerging colonies per MTs 
divided by the total number of colonies emerged in bark and xylem samples 
(Paper I) or leaves (Paper II). 
UNITE database was used for the taxonomic analysis in QIIME 
bioinformatics pipeline (Abarenkov et al., 2010; Caporaso et al., 2010) (Paper 
III). USEARCH, implemented in QIIME, was used to cluster the sequence reads 
into Operational Taxonomic Units (OTUs) at 97% sequence identity. One 
representative sequence from each clustered OTU was selected to assess the 
closest taxonomic affiliation in UNITE implemented in QIIME. Statistical 
analysis was performed on OTUs assigned to fungal taxa after removing global 
singletons and OTUs with less than 10 reads (Brown et al., 2015). The OUT 
richness per ash samples was then measured as the sum of OTUs detected per 
samples. 
Data analysis was performed in R (R Development Core Team, 2013) unless 
otherwise specified. 
3.5 Data analysis 
3.5.1 Fungal community 
Mann-Whitney U (W) and Kruskal-Wallis (KW) tests (Castillo Lopez et al., 
2014) were used to examine the variation of CF and SMT in tissue type and 
vitality classes, respectively (Paper I). In Paper II, the effect of CTs, nitrogen, 
and herbivory on endophytes abundance and richness were tested with 
generalized linear models with negative binomial and Poisson distribution, 
respectively. Due to herbivory treatment, the variation in morphotype richness 
was tested only between C and N treatment. The relative abundance of 
endophytic isolates per treatment was visualized with a heat-map (Paper II). 
Linear mixed model was performed to test the variation of the OTU richness in 
ash samples in the susceptibility class, tissue type, time points, and site. 
The variation in fungal community composition (i.e. the variation of species 
abundance and species presence) was analysed with permutational multivariate 
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analysis of variance (Permanova, Anderson, 2001) based on Bray-Curtis 
dissimilarity matrix using 999 permutations (adonis function, vegan package, 
Oksanen et al., 2016). Permanova analysis was performed in all three papers to 
test the relations between fungal community composition and the investigated 
factors. Permanova analysis was performed only between C and N treatments as 
not all leaves survived the H treatment (Paper II). Permanova analysis was 
constrained to time points in the investigation of ash fungal community (Paper 
III). 
The probability of finding a given MT in a given tissue and susceptibility 
class was then predicted with logistic regression analysis (JMP® Pro 13, SAS 
Institute Inc., Cary, NC, United States) (Paper I). The variation in the endophytic 
communities of the three vitality classes of oak were visualized with non-metric 
multidimensional scaling (NMDS) (Paper I). 
Fungal diversity was also tested with Hill numbers that can incorporate 
richness, exponent of Shannon index, and inverse Simpson index (Legendre and 
Legendre, 1998) (Paper III). The variation of fungal communities of ash trees 
and the effect of susceptibility class, tissue type, sampling site, and time points 
was visualized with canonical correspondence analysis (CCA) (Paper III). 
3.5.2 Chemical data 
The differences in HPLC-derived phenolic profiles were tested with canonical 
discriminant analysis (JMP® Pro 13, SAS Institute Inc., Cary, NC, United 
States). The effect of nitrogen, herbivory and their interaction on condensed 
tannins were tested with generalized linear model. To visualize the effects of 
nitrogen fertilization on the metabolic composition from GC-MS and LC-MS on 
the leaves orthogonal partial least squares discriminant (OPLS-DA) was 
performed (SIMCA v14.0). 
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The results presented here focus on the main findings from the three manuscripts 
(Paper I, II, and III). Data not presented in the manuscripts were added to this 
chapter. 
4.1 Tree phenotype as discriminant of fungal 
communities (Paper I and III) 
4.1.1 Taxonomic diversity 
The endophytic community detected in pedunculate oak trees was grouped into 
28 MTs (Fig. 2, Paper I), most of which were identified as belonging to four 
classes of the phylum Ascomycota (Table 1). 
Figure 2. Endophytic fungi isolated from Quercus robur twigs growing on MEA. From left to right: 
MT22, MT3, MT27, MT4. Photo: Marta Agostinelli. 
The fungal community of ash samples (272 ash samples and 19 neighbouring-
tree samples) was composed by 4430 OTUs comprising 25,175,104 high quality 
reads (Paper III). The majority of reads were assigned to Ascomycota (59.3%) 
and Basidiomycota (38.5%). The molecular technique used with ash samples 
revealed a higher number of classes for both Ascomycota and Basidiomycota 
than what found with culture-based technique in oak and aspen (Table 1). The 
4 Results 
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reads assigned to Chytridiomycota, Glomeromycota, and Zygomycota 
represented the 0.03% of the total reads. The remaining 2.1% of reads belonged 
to unidentified fungi. 
Table 1. Relative abundance of isolates (oak and aspen) and reads (ash) per class. Only the classes 
with a relative abundance of 0.5% or higher are reported (not reported in Paper I, II, III). 
Phylum Class Oak Aspen Ash 
Ascomycota Dothideomycetes 17 41 34.2 
Eurotiomycetes 8.2 6.9 6.26 
Lecanoromycetes 7.5 
Leotiomycetes 20.3 1.2 
Orbiliomycetes 0.05 
Pezizomycotina 0.7 
Sordariomycetes 23.5 4.1 2.58 
Basidiomycota Taphrinomycetes 3.7 
Cystobasidiomycetes 7.6 
Exobasidiomycetes 5.1 
Microbotriomycetes 2.7 
Pucciniomycetes 0.5 0.3 
Tremellomycetes 19.8 
4.1.2 Tree vitality and susceptibility 
Tree vitality influenced the endophytic community of oak trees (Paper I). Both 
colonization frequency (CF) and morphotype richness (SMT) were significantly 
different. This difference was mainly due to fungal communities in samples from 
low vitality trees deviating from those in samples from high and medium vitality 
trees. Venn diagram showed that 13 MTs were shared among all three vitality 
classes (Fig. 3). Low vitality classes hosted three morphotypes that were not 
found in other vitality classes, and only one MT was exclusively associated to 
high vitality class and none to medium vitality class (Fig. 3). 
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Figure 3. Venn diagram representing the unique and shared MTs for the three vitality classes of 
bark and xylem samples grouped together (modified from Paper I). 
While the endophytic community of medium vitality class seemed to 
differentiate from the endophytic community of high and low vitality trees (Fig. 
4), the Permanova analysis did not reveal difference in the endophytic 
community of the three vitality classes (Permanova: R2=0.045, p=0.35). 
However, the logistic regression highlighted that vitality and tissue type 
correlated with MTs (Table 2). Particularly, MT14 was found to highly correlate 
only with vitality class (Table 2). 
 
Figure 4. Non-metric multidimensional scaling (NMDS) of fungal communities of oak vitality 
classes (not presented in Paper I). 
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Table 2. MTs relative abundance and logistic regression of oak MTs that were significantly 
correlated with vitality class or tissue type. The p-values are significant at α<0.05 (modified from 
Paper I). 
MTs Relative abundance Vitality - P>ChiSq Tissue - P>ChiSq 
MT3 14.1 0.92 0.0000 
MT4 2.3 0.08 0.0000 
MT5 3.6 0.038 0.0001 
MT8 0.7 0.0004 0.0018 
MT9 1.0 0.012 0.018 
MT10 1.6 0.011 0.0000 
MT11 3.6 0.022 0.0000 
MT12 3.9 0.022 0.0000 
MT14 5.9 0.0009 0.10 
MT16 1.3 0.20 0.018 
MT20 1.3 0.003 0.0083 
MT22 18.6 0.26 0.0000 
MT27 3.6 0.22 0.0000 
MT28 2.3 0.37 0.05 
MT29 4.9 0.07 0.0000 
Tree susceptibility to ash decline had contrasting effects in shaping the 
endophytic and epiphytic community of ash samples (Paper III). The richness of 
OTUs detected per susceptibility class was not significantly different (lmer: 
F=1.48, p=0.229). The three susceptibility classes shared 992 OTUs (Fig. 5). 
The number of OTUs exclusively associated to a susceptibility class was higher 
in resistant and intermediate trees than in susceptible trees (Fig. 5). In contrast 
to richness of OTUs, the composition of fungal community of the three 
susceptibility classes differed significantly among each other (Permanova: 
R2=0.019, p=0.001). 
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Figure 5. Venn diagram representing the unique and shared OTUs of the three susceptibility classes 
of ash trees. 
4.1.3 Tissue type 
Endophyte and epiphyte communities showed tissue-specific differences (Paper 
I and III). The endophytic community of oak bark samples had a higher 
colonization frequency and MTs richness than xylem (Mann–Whitney: U = 
574.5, p=0.0001). The logistic regression identified tissue as the main 
discriminant factor in selecting endophytic morphotypes of oak (Table 2). The 
fungal communities were highly diverse across the leaf, bark, and xylem samples 
of ash trees (Paper III). The OTU richness was different among the susceptibility 
classes in leaves but not in bark, nor in xylem. On the other hand, the fungal 
community composition differed among the susceptibility classes of all three 
tissues (Table 3, Fig. 6). 
Table 3. Response of richness of OTUs and fungal community composition of ash tissues at 
susceptibility class. The p values are significant at α<0.05 
Tissue Richness of OTUs Community composition 
F value lmer R2 Permanova 
Leaf 5.21 p=0.007 0.034 p=0.009 
Xylem 3.46 p=0.051 0.030 p=0.002 
Bark 0.89 p=0.41 0.084 p=0.006 
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Figure 6. Canonical correspondence analysis (CCA) plot representing the variation in fungal 
community composition. The samples are shaped- and colour-coded according to the tissue type 
they belong to. The length of the arrows represents the relevance of a factor in driving the difference 
in the fungal community (modified from Paper III). 
The difference in community composition observed among ash susceptibility 
classes was however not reflected in all tissue types (Paper III). While xylem 
fungal communities were statistically different between all three classes, leaf 
fungal communities were statistically different only between resistant-
susceptible and intermediate-susceptible classes, and bark fungal communities 
only between intermediate-susceptible classes. 
4.1.4 Season and site 
Ash fungal community was affected by the time of collection with however some 
differences at tissue level (Paper III). The overall community composition (all 
ash trees studied together) was different between time points 1 and 3 (Hill’s 
number, Tukey’s HSD: p= 0.001). The richness of OTUs in leaf samples was 
statistically different between time point 1 and time points 2, 3, and 4 (Fig. 7). 
Richness of OTUs in xylem samples was different between time point 1 and time 
points 2 and 4 (Fig. 7). No difference in OTU richness was observed among the 
bark samples at the four time points (Fig. 7). According to Permanova analysis, 
the fungal community composition of ash trees differed among all four time 
points (Permanova: R2=0.041, p=0.001). This same pattern was observed in all 
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tissue types with the exception of the fungal communities of bark samples at 
time points 2 and 3 that were not diverse. 
Figure 7. Interaction plot representing mean OTU richness for bark (B), xylem (X), and leaves (L) 
by time point (1, 2, 3, and 4) (not presented in Paper III). 
The sampling sites did not have an effect on OTU richness detected in the 
samples. Fungal community composition was instead different between the two 
sites (Permanova: R2=0.036, p=0.001) (Fig. 8). 
Figure 8. Canonical correspondence analysis (CCA) plot representing the variation in fungal 
community composition. The samples are shaped- and colour-coded according to the tissue type 
and sampling site (Sn-Snogeholm, Tr-Trolleholm). The length of the arrows represents the 
relevance of a factor in driving the difference in the fungal community (modified from Paper III). 
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4.2 Tree chemotype as discriminant factor of fungal 
communities (Paper II) 
4.2.1 Taxonomic diversity 
The isolates were grouped into 30 MTs (Paper II). The identified MTs belonged 
mainly to classes of the Ascomycota and one class of Basidiomycota (Table 1). 
4.2.2 Nitrogen and herbivory 
Differences in abundance of isolates were tested for the four treatments (C, N, 
He, and NHe) while differences in the richness of MTs were tested only in the 
two treatments where trees retained all three leaves (C and N) (Paper II). Neither 
the abundance nor the richness of endophytes outgrown from aspen leaves were 
significantly different among the treatments. However, there were MTs 
exclusively associated with a specific treatment (Fig. 9). 
Figure 9. Heat map representing the relative abundance of endophyte detected per MT and 
treatment (C-control, He-herbivory, N-nitrogen, NHe-nitrogen*herbivory). The darker the colour, 
the higher the relative abundance of endophyte isolates (not presented in Paper II). 
The endophytic community composition of aspen leaves was not significantly 
different among C and N treatments (Permanova: R2=0.03, p=0.19). 
4.3 Phenolic compounds relation to fungal communities 
and trees phenotype (Paper I and II) 
4.3.1 Leaf phenolics in oak 
The canonical discriminant analysis based on oak leaf phenolics showed a clear 
division among trees belonging to different vitality classes (H, M, and L) (Fig. 
10) (Paper I). The highest level of phenolics were detected in low vitality trees,
while medium vitality trees had the lowest level of phenolics (Paper I).
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Figure 10. Canonical discriminant analysis of HPLC leaf data (10 UV-absorbing peaks) for the 
three vitality classes of oak (H-high: red; M-medium: green; L-low: blue). The ellipsoid lines 
represent the confidence region (95%) containing the true mean value of each vitality class. The 
black lines identified by the numbers represents the phenols from the ten biggest phenolic peaks 
that mostly discriminate between the vitality classes. 
4.3.2 Leaf phenolics of aspen 
Nitrogen fertilization significantly affected the concentration of CTs in aspen 
while herbivory and the interaction of nitrogen with herbivory did not affect CTs 
concentration (Paper II). Targeted metabolites (phenolics) of aspen leaves were 
affected by nitrogen fertilization (Fig. 11). 
Figure 11. OPLS-DA plot of phenolics coloured after nitrogen fertilization (N+ corresponds to 
addition of 1.5kg/ha/yr of NH4NO3).
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The overall objective of my thesis was to contribute to the understanding of how 
fungal communities of the aerial tissues of broadleaved trees vary in relation to 
the phenotypic and chemotypic characteristics of the host. The results indicated 
that the regulation of tree mycobiome structure is influenced by a complex 
network of internal and external factors. 
5.1 Fungal taxonomy 
The fungal taxonomy found in the three species was overall comparable with the 
taxonomy described by previous studies conducted with similar methods on the 
tree species of the thesis (Arnold and Lutzoni, 2007; Higgins et al., 2007; 
Rodriguez et al., 2009). Aureobasidium pullulans, a common endophyte and 
epiphyte described on different hosts from temperate and tropical areas (Fröhlich 
et al., 2000; Martín et al., 2013; Osono, 2008; Sanz-Ros et al., 2015; Unterseher 
and Schnittler, 2009) was detected in all three hosts. Similarly to the findings of 
Unterseher and Schnittler (2009), A. pullulans was only rarely isolated in oak 
and aspen tissues but was one of the most common species found in ash, as also 
found by Fort et al. (2016). Other genus such as Alternaria, Phomopsis, and 
Trichoderma that have been commonly found on a variety of hosts (Crous and 
Groenewald, 2013; Ragazzi et al., 2003; Sanz-Ros et al., 2015; Sieber, 2007; 
Sun et al., 2012) were also not detected with cultivation-based techniques (Paper 
I, II) but were found with cultivation-independent techniques (Paper III). The 
fact that these commonly found genera were not recovered in oak and aspen may 
have different explanations. In the oak study, not all MTs were successfully 
identified via DNA, and in aspen the early sampling at the beginning of the 
season and the greenhouse condition may have selected for certain species. 
Cultivation-based technique is needed to recover endophytes but is known to be 
highly selective (Guo, 2010; Promputtha et al., 2007). 
5 Discussion 
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The fungi recovered from oak included generalist species (ex: A. pullulans) and 
host specific species such as Amphiporte leiphemia and Colpoma quercinum that 
are specific to pedunculate oak and to the Quercus genus, respectively (Ragazzi 
et al., 2003; Sieber, 2007). The community recovered in aspen was formed 
mainly by generalist species. Fusarium, Ramularia, Penicillium, Cladosporium, 
Physalosporta are indeed genera found on different hosts (Dulymamode et al., 
2001; Fort et al., 2016; Guimarães et al., 2011; Sanz-Ros et al., 2015; Sieber, 
2007; Tadych et al., 2012). Fungal endophytic genera such as Cladosporium, 
Ramularia, Colpoma, Phoma, are known to have pathogenic traits (Kehr, 1992; 
Thomma et al., 2005; Videira et al., 2016) and have been recovered both from 
oak and aspen tissues. However, in both studies, no signs of known pathogens 
were detected on the investigated tissues. In ash, the fungal community was 
characterized by few species found in all samples and many rare species. The 
most abundant species found in ash samples (Table 5 in Paper III) are ubiquitous 
and generalist species that can be found on different hosts (Cordier et al., 2012; 
Cross et al., 2017; Ibrahim et al., 2017; Jumpponen and Jones, 2010; Karlsson 
et al., 2014; Pawłowska et al., 2014; Power et al., 2017). This findings are in line 
with previous studies where the fungal communities of different hosts are 
composed by generalist and specialized species (Sanz-Ros et al., 2015; Schulz 
and Boyle, 2005; Sieber, 2007). 
5.2 Tree phenotype and fungal communities 
5.2.1 Fungal communities in relation to phenotypic vitality or pathogen 
resistance 
The results of this thesis demonstrate that the fungal communities of trees vary 
qualitatively and quantitatively among trees showing different vitality or 
pathogen resistance phenotype (Paper I and Paper III). These results are in 
accordance with results of earlier studies that have shown a relation between the 
phenotypic responses to pathogenic attack or decline in vitality and the fungal 
diversity or abundancy in trees (Giordano et al., 2009; Martín et al., 2013). For 
instance, the xylem of declining Scots pine (Giordano et al., 2009) or elms that 
are susceptible to Dutch elm disease (Martín et al., 2013) have earlier been found 
to host a richer and more abundant endophytic communities than the vital or 
resistant conspecific trees. 
In the xylem of ash trees, on the other hand, the richness of OTUs 
(presumably species) was not different among the three susceptibility classes. 
Instead, a difference in species richness was found in leaves, with low vitality 
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samples yielding a lower number of species than resistant and intermediate 
classes. The lower number of species detected in susceptible trees is in 
agreement with the previous findings by Koskella et al. (2017), who showed that 
bacteria communities of horse chestnuts susceptible to the bleeding canker agent 
Pseudomonas syringae pv aesculi had lower species richness than more resistant 
trees. 
The contrasting results found in oak and ash studies (Paper I and III) may 
relate to the different causes of the reduced health condition of the trees. The low 
vitality in the studied oaks was not related to specific pathogens, while ash trees 
were under the attack of a highly pathogenic and invasive fungus. Thus, the tree 
responses that were active against fungal colonizers may have been different in 
the two studies. Moreover, the techniques used in the two studies are different. 
The culture-based approach captures the rather fast-growing fungi, which were 
thus likely to dominate in the oak. Moreover, the available inoculum from the 
surrounding environment may have influenced the results. The oak trees 
growing in the peri-urban setting where likely to be exposed to a different 
inoculum than the ash trees growing in the seed orchards. Interestingly, Q. robur 
trees showing low, intermediate, or high loss of vitality in the presence of soil-
borne Phytophthora in a forest setting were found to harbour the highest 
diversity of culturable endophytes in the intermediate group (J. Witzell, 
unpublished data). Thus, the relation between fungal communities and tree 
vitality or pathogen resistance is likely to be under a complex regulation of 
internal and external factors that work in synergy across time and space. 
5.2.2 The importance of tissue type 
Throughout the studies, it was obvious that the type of tissue is a highly selective 
factor for fungal communities. The community composition differed clearly 
among the different tissues (Paper I and III), confirming the tissue-specificity of 
certain fungal species (Petrini and Fisher, 1990; Santamaría and Diez, 2005). 
Similar to other studies (Collado et al., 2000; Fisher and Petrini, 1990; Wang 
and Guo, 2007), the bark tissue was found to host the highest taxonomic 
richness, in both oak (Paper I) and ash (Paper III). Xylem, on the other hand, 
being the inner tissue, is likely to be more difficult to penetrate for the 
horizontally spreading fungal species. Moreover, the different structure and 
chemistry between bark and xylem may select for certain fungal species 
(Lourenço et al., 2016). Martín et al. (2013), studying elm (Ulmus sp.) trees that 
were selected based on their susceptibility to the vascular Dutch elm disease 
(DED) pathogen, found that the colonization frequency and morphotype 
richness of endophytes did not differ in the bark tissue of differently susceptible 
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trees, suggesting that in these trees the mechanisms behind low susceptibility 
were more strongly expressed in xylem than in bark. The lower taxonomic 
richness observed in leaf compared to bark (Paper III) is likely to relate to the 
fact that bark is exposed to new infection every year, while leaf communities of 
broadleaved trees are formed newly every year (Faeth and Hammon, 1997; 
Saikkonen et al., 1998; Scholtysik et al., 2013) and show a dynamic development 
within the growing season (Fort et al. 2016). 
5.2.3 Temporal and spatial variation in tree fungal communities 
Temporal and geographical effects influenced the fungal community 
composition. However, while seasonal changes have generally been found to 
statistically affect the fungal composition (Jumpponen and Jones, 2010; 
Unterseher et al., 2013), sites have been found to give contrasting results (Pérez-
Izquierdo et al., 2017; Wang and Guo, 2007; Zimmerman and Vitousek, 2012). 
Wang and Guo (2007) suggested that the effect of site may be related to local 
variation. In the ash study, there was a strong response of the fungal community 
to both season and site (Paper III). The seasonal pattern observed in leaf samples 
was not seen in bark nor in xylem. While the fungal community composition 
changed in both perennial tissues, the species richness remained similar 
suggesting that variation in species abundance may have stronger effect than 
shift in species composition in xylem and bark. However, species richness in the 
xylem samples from ash had a drop between time point 1 and time point 2 that 
was not possible to relate to any particular event in the sampling. Even if not 
statistically different, species richness in all three tissue types tended to decrease 
at the end of the growing season from time point 3 to time point 4, suggesting 
that fungal species with a more saprotrophic or pathotrophic life style may take 
over some niche and displace some fungi. A similar pattern was detected by Fort 
et al. (2016) in foliar communities of grapevine, but not in forest trees (oak, 
hornbeam, chestnut) growing closely to the vineyard. The change observed in 
ash leaf may relate to alteration in leaf physiology as a consequence of 
senescence, increased pressure from H. fraxineus, and competition dynamics 
(Cross et al., 2017; Jumpponen and Jones, 2010). According to the propagule 
pressure hypothesis (Lockwood et al., 2005), the higher the propagule present, 
the higher the possibility of success in the establishment of an invasive species. 
Cross et al. (2017) suggested that the success of H. fraxineus in colonizing ash 
leaves may relate to the higher propagule pressure found towards the end of the 
vegetative season than at the beginning. The temporal variation observed in bark 
and xylem may be related to the physiological changes in trees as consequence 
of accumulated pathogen infections (Cross et al., 2017). According to Wong et 
45 
al. (2009), there is a variation in the carbohydrate metabolism between season. 
This could lead to decreasing availability of carbohydrates for the fungi in the 
end of the season. At the last sampling point, the leaves had started to senesce. 
Thus, the altered translocation of nutrients in the tree may have changed the 
availability of nutrients for the fungi, influencing their abundance. Fungi use 
substrates in different ways (Blumenstein et al., 2015), thus a change in 
nutritional niche characteristic may favour species better adapted to a substrate 
and displace those not fitting with the new substrate regime. 
5.3 Tree chemotype and fungal communities 
Host species has been considered as one of the major factors shaping the 
mycobiome of plants (Schulz and Boyle, 2005; Stone et al., 2000). Recent 
studies have shown that the genetic variation within a species can also have a 
strong selective effect on fungal communities (Albrectsen et al., 2018; Bálint et 
al., 2013; Christian et al., 2016; Lamit et al., 2014; Pérez-Izquierdo et al., 2017). 
However, it is still unclear whether the chemotypic characters influence the 
composition of fungal community. A previous study also done in greenhouse 
conditions using aspen genotypes from the SwAsp collection (Luquez et al., 
2008), showed that different chemotypes shaped the endophytic communities of 
the leaves of aspen (Albrectsen et al., 2018). In contrast to Albrectsen et al. 
(2018), the aspen genotypes from the SwAsp collection selected for this study 
were selected to represent similar salicinoid chemotype (Luquez et al., 2008) 
and no effect was observed in the endophytic community. These results suggests 
that there is a connection between the salicinoid metabolism and fungal 
communities in the leaves of aspen. Whether the determinants of the chemotype 
influence fungi directly or through indirect mechanism(s) remains to be studied. 
Fertilizer addition and insect herbivory have been previously reported as 
factors shaping fungal communities (Albrectsen et al., 2018; Coblentz and Van 
Bael, 2013; Eschen et al., 2010; Lehtonen et al., 2005). Nitrogen is an important 
nutrient for tree growth (Högberg et al., 2017) but an excessive fertilization may 
have counteractive effects, increasing the susceptibility of the trees to diseases 
and pests (Veresoglou et al., 2013). Several studies connected nitrogen 
fertilization with the alteration of fungal communities in soils and rhizosphere 
of agricultural and forest environments. Fertilization with nitrogen has been 
associated with reduction in fungal abundance and fungal diversity in soil and 
rhizosphere in agricultural and forest environments (Chen et al., 2017; Ishida 
and Nordin, 2010; Paungfoo-Lonhienne et al., 2015). On the other hand, 
nitrogen addition has been connected with an increased abundance of 
saprotrophic and pathotrophic fungal species in arbuscular and ectomycorrhizal 
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fungi (Jiang et al., 2018; Morrison et al., 2016). While there are many studies 
focusing on the effects of nitrogen on soil fungal communities, the effect of 
nitrogen fertilization on fungal endophyte communities of aerial tissues of forest 
trees is less well investigated. Eschen et al. (2010) investigated this aspect in 
Cirsium arvense and found that nitrogen was involved in the variation of foliar 
fungal communities. In the aspen study, nitrogen did not affect the endophytic 
abundance or diversity (Paper II). 
The endosymbionts living in the plant tissues may provide their hosts with 
an additional defensive mechanism against insect pests. Endophytes may 
directly affect the herbivores by producing secondary metabolites that reduce the 
attractiveness or palatability of the plant tissues to herbivores (Estrada et al., 
2013). Earlier, herbivory treatment by Chrysomela beetles was reported to be 
responsible of enriching leaf fungal communities and increasing the abundance 
of fungi in aspen clones selected from the SwAsp collection (Albrectsen et al., 
2018). Our results (Paper II) indicate that the impacts of herbivory on tree 
endobiome may not be straightforward. There was, however, a tendency to 
higher endophyte richness in herbivory treatment than in control, suggesting that 
herbivory may promote endophyte richness. 
5.4 Chemical profile and fungal communities 
Previous studies have demonstrated that phenolics are good indicators for 
pathogen resistance in trees (Conrad et al., 2017; McPherson et al., 2014; Witzell 
and Martín, 2008), but less is known about the correlation between phenolic 
levels and endophytic infections. Phenolics have antifungal properties that could 
affect the endophytic communities, or their levels may be indirectly related to 
tree resistance (Witzell and Martín, 2008). On the other hand, fungi may be able 
to utilize the carbon-based phenolics as a source of energy. For instance, 
Blumenstein et al. (2015) found that some endophytes were able to effectively 
utilize phenolics as a substrate. Phenolics have been found to accumulate in plant 
tissues when the plant is in a situation of stress as result of wounding (Eyles et 
al., 2010; Lattanzio et al., 2006; Sherwood and Bonello, 2013). It is also possible 
that endophytes induce changes in phenolic metabolism of their hosts (Yang et 
al., 2016). 
The results from oak and aspen experiments (Paper I and II) reveal an 
ambiguous relation between the phenolic pool and endophytic status of trees. 
Oak leaves are known to be rich in phenolics (Covelo and Gallardo, 2001) and 
the canonical discriminant analysis on oak leaf phenolics showed that the 
phenolic profiles discriminated well among the three vitality groups (Paper I). 
The higher concentration of phenolics found in low vitality trees (Paper I) may 
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relate to accumulation of phenolics in leaf tissue as trees respond to stress. Since 
endophytic infections may induce phenolic metabolism, the higher levels of 
phenolics in less vital trees (with rich endophytic flora) could also be explained 
by the more frequent and diverse endophytic infections. Phenolic production 
may also depend on plant genetic traits (Schweitzer et al., 2008) but since the 
genetic background of oak trees is unknown, it was not possible to relate the 
phenolic production to it. 
The analysis of total phenolics revealed that phenolics decreased with 
nitrogen fertilization, clearly separating fertilized trees from non-fertilized ones 
(Paper II). The increased nitrogen availability in plant tissue may then affect the 
fungal composition via changing the substrate characteristic and favouring 
species better adapted to nitrogen utilization. Condensed tannins are known to 
have defensive properties against herbivores, but there was no indication of CTs 
being induced by herbivory in aspen leaves (Paper II). In fact, CTs concentration 
decreased in aspen plants subjected to herbivory compared to control treatment. 
The concentration of CTs was more strongly affected by nitrogen fertilization, 
confirming what found previously by Decker et al. (2016). Nitrogen fertilization, 
by reducing the concentration of antifungal CTs, may have made the leaf a more 
suitable substrate for endophytic fungi. Bailey et al. (2005) found that higher 
amount of CTs were correlated to lower endophytic infection and diversity that 
was however not found in Paper II. The negative correlation between lower CTs 
concentration and endophytic richness needs however to be further investigated. 
Future studies could focus on investigating which endophytic groups are mainly 
affected by high levels of CTs, and whether there is a three-way interaction 
between endophytes, trees and herbivores.
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In summary, the results of this thesis provided some support for the initial 
hypothesis that the fungal communities are more diverse in the less vital trees, 
and the most pronounced differences were observed in the communities of the 
xylem (cf. Martín et al., 2013). Fungal communities in leaves diversified more 
than those in bark or xylem during the growing season, showing a rapid increase 
in species richness and diversity from May to September, which is in line with 
earlier studies (Jumpponen and Jones, 2010; Scholtysik et al., 2013). 
Interestingly, nitrogen and herbivory did not have a clear effect on fungal 
communities of aspen leaves, although this could have been expected based on 
earlier studies (Albrectsen et al., 2018; Eschen et al., 2010) and especially 
considering that fertilization clearly reduced the concentration of potentially 
antifungal condensed tannins, changing the quality of the substrate. In general, 
the connection between host tree phenolics and fungal communities seems 
ambiguous and warrants more studies, which should particularly consider 
possible indirect relations (e.g., phenolics being indicators for physiological 
mechanisms that influence the fungi, rather than directly acting as  antifungal 
compounds, which is traditionally assumed). 
Studying microscopic fungal communities is challenging and fascinating 
because it reveals the unique and complex world hidden in front of us in every 
plant, while we still cannot grasp the totality of it. There are many complex and 
elusive mechanisms through which fungi and trees are continuously balancing 
their interactions. This thesis confirms that multiple factors are involved in 
shaping the variation of fungal communities of the aerial tissues of deciduous 
forest trees. Using both culture-dependent and culture-independent methods it 
was possible to add to the current knowledge which factors may or may not have 
a strong role in the variation of fungal communities. The results highlighted that 
phenotypically different trees, host species, and tissue type contribute to the 
variation of fungal communities in aerial tissues. The microbiome and host 
6 Concluding remarks and future prospect 
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interact in a complex matrix of seasonal and site-specific factors, adding to the 
dynamics. 
The potential use of endophytes as one of the tools in integrated pest 
management in forest settings is hindered e.g. by the lack of understanding of 
how to ensure a continuous, stable, and reliable endophytic community over the 
time (Newcombe, 2011; Witzell and Martín, 2018). A profound complication in 
clarifying the dynamics of fungal communities in trees is the difficulty of 
studying fungal communities in vivo in large, old trees (Albrectsen and Witzell, 
2012). Moreover, community studies still tend to focus only on one microbial 
category (Agler et al., 2016; Gomes et al., 2018; Laforest-Lapointe et al., 2016; 
Leff et al., 2015), thus providing new insights on only one component of a more 
complex microbial interaction. Our ability to include fungal communities as a 
forest management tool is thus not only limited to our understanding of how 
fungal communities are formed and maintained in different hosts, tissues, and 
environmental conditions, but also on how they interact with the microbial 
community (bacteria and viruses) sharing the same host. The cheaper and easier 
accessibility to high throughput sequencing techniques, combined with 
traditional culturing-based techniques may allow researcher to describe the 
hidden mycobiome and microbiome diversity to much greater detail than what 
was possible before (Campanile et al., 2007; Martín et al., 2015; Porras-Alfaro 
and Bayman, 2011; Pusztahelyi et al., 2015). Moreover, tools such as phenotype 
microarrays and FUNGuild1 may help describing and characterizing the 
functional and ecological roles of fungi. Phenotype microarrays method has 
recently been used to study the in vitro substrate utilization by living cells of 
different fungi as a proxy of their enzymatic capacities, which supports 
interpretations of competitive relations among fungi (Blumenstein et al., 2015). 
FUNGuild is a flat database hosted by GitHub that assigns a trophic mode to the 
fungal species investigated (Nguyen et al., 2016). The fungi are categorized as 
pathotroph, saprotroph, or symbiotroph based on the existing information 
present in the database (Nguyen et al., 2016). Large sequence pools of data 
generated by NGS may be analysed with FUNGuild to describe the ecological 
characteristics and functional roles of fungal communities (Nguyen et al., 2016). 
Thus, in near future, we are likely to know much more about the functions of 
endophytes in forest trees. 
To conclude, a better understanding of the mechanisms and roles of fungi, at 
the individual and community level, is needed in order to develop integrated and 
sustainable approaches to use fungal communities into forest management 
practices. The lack of ecological information of many fungal species is still high, 
and there is a need to employ multidisciplinary approaches to study not only the 
                                                        
1. https:// github.com/UMNFuN/FUNGuild 
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taxonomic diversity of a community but also its ecological role in the ecosystem. 
A crucial challenge for future research is to understand how the tree mycobiome 
may affect the capacity of forests to provide different ecosystems services for 
the needs of the human kind. 
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